The infrapatellar fat pad (IFP) secretes inflammatory mediators in osteoarthritic knees, but the effect of aging on IFP inflammation is unknown. We tested the hypothesis that aging increases basal and interleukin-1β (IL-1β)-stimulated IFP inflammation in 10-, 20-, and 30-month-old male F344BN F1-hybrid rats. IFPs were cultured ex vivo for 24 hours and treated ±1 ng/mL IL-1β to simulate injury-induced inflammation. IFP inflammation was evaluated by measuring secreted cytokine concentrations and by quantitative expression of immunoregulatory and pro-and anti-adipogenic genes. With age, osteoarthritis pathology increased and IFP mass decreased. Although adipocyte size did not change with age, variation in adipocyte size was positively associated with synovial thickness independent of age whereas associations with cartilage damage were age dependent. In the absence of IL-1β, aging was associated with a significant increase in IFP secretion of tumor necrosis factor α by 67% and IL-13 by 35% and a reduction in the expression of immunoregulatory M2 macrophage genes. However, following an IL-1β challenge, adipogenesis markers decreased and pro-and anti-inflammatory cytokines increased independent of age. The lone exception was leptin, which decreased >70% with age. Thus, although aging promotes osteoarthritis risk by increasing basal inflammation, our findings also revealed a potentially protective effect of aging by decreasing IL-1β-stimulated leptin production.
Age is the strongest predictor of osteoarthritis (OA) risk. Approximately half of all cases of symptomatic knee OA are diagnosed by 55 years of age, and more than three quarters of all cases are diagnosed by 65 years of age (1) . Consequently, understanding how aging increases the risk of developing OA may provide opportunities for therapeutic intervention. As described in recent reviews, many studies have focused on understanding the effect of aging on chondrocyte function and the regulation of cartilage extracellular matrix (2, 3) . A key finding is that aging promotes joint inflammation by increasing the activation and impairing the inhibition of cellular inflammatory mediators, especially in response to tissue damage and biomechanical stress (4) (5) (6) (7) . The sustained activation of inflammatory pathways is believed to be a critical factor driving the imbalance in catabolic versus anabolic processes that is central to OA pathology (8) . During the past several years, there has been increasing interest in the role of the infrapatellar fat pad (IFP) as a local source of proinflammatory mediators that promote OA pathology in cartilage, bone, and synovium in a paracrine-like manner (9, 10) .
The interest in the IFP as a mediator of inflammation and OA pathology is based on studies over the past decade showing that adipose tissue functions as an active secretory organ (11) . In particular, the IFP is a source of cytokines (eg, IL-6, tumor necrosis factor α [TNFα]), adipokines (eg, leptin, adiponectin, adipsin, resistin, and visfatin), growth factors (eg, basic fibroblast growth factor and vascular endothelial growth factor), free fatty acids, and lipid derivatives (eg, arachidonic acid and prostaglandin E 2 ) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The IFP is also a site of resident and infiltrating inflammatory cells, which are likely a source of some of the secreted inflammatory mediators from the IFP (14) . The majority of IFP studies have used tissue collected from end-stage OA during joint replacement surgery. Under these conditions, the cellular and soluble inflammatory mediators show a combined pro-and anti-inflammatory phenotype (10) . A single study comparing genome-wide expression patterns of IFP tissue collected from patients with early versus late-stage OA suggested that adipogenesis and adipokine production, including leptin and adiponectin, increased in association with increased disease severity (21) . The contribution of the IFP to OA risk with obesity is of particular interest since adipose tissue inflammation drives a number of metabolic pathologies that occur with obesity (11) . Although the role of IFP inflammation with obesity is unclear at this point, recent studies suggest that IFP-derived leptin induces cartilage catabolism by upregulating matrix metalloprotease activity in a synergistic manner with other pro-inflammatory mediators, such as interleukin-1 (IL-1) (22) (23) (24) (25) . The effect of aging on the inflammatory phenotype of the IFP and the production of adipokines, such as leptin, is not known.
In this study, we sought to determine the effect of aging on IFP mass and the production of inflammatory mediators. IL-1β is a key cytokine involved in joint inflammation and cartilage catabolism following an injury; therefore, we investigated the age-dependent responses of the IFP to basal and IL-1β-stimulated conditions. Previous studies of age-related changes in subcutaneous and visceral adipose tissues indicated that aging is associated with upregulated production of pro-inflammatory cytokines, such as IL-6 and TNFα (26) (27) (28) (29) (30) . Adipose tissue inflammation is generally associated with fat mass expansion, adipocyte hypertrophy, and accumulation of pro-inflammatory macrophages. However, there is uncertainty about the role of adipose tissue macrophages in mediating the proinflammatory changes in aging fat tissue (26, 29) . Adipocytes and pre-adipocytes themselves have been shown to contribute to agerelated cytokine production via activated inflammatory signaling pathways (eg, NF-κB) and cellular senescence, respectively (26, 27) . Moreover, there is also uncertainty about the effect of IFP size on disease risk. Some recent studies (31, 32) , but not all (33) , suggest that increased IFP size is negatively associated with OA prevalence and risk of progression. Therefore, we hypothesized that basal and IL-1β-stimulated IFP inflammation is increased in association with age and independent of changes in IFP size. To test this hypothesis, we evaluated age-related changes in the IFP at 10, 20, and 30 months of age in F344BN F1-hybrid rats. We measured the age-related changes in IFP and adipocyte size, OA pathology, the secretion of soluble inflammatory mediators, and the expression of immunoregulatory and adipogenic genes in IFPs cultured ex vivo for 24 hours ± IL-1β stimulation. This study provides the first description of the relationship between changes in IFP size and inflammation with aging as potential mediators of OA risk.
Materials and Methods

Animals
Male F344BN F1-hybrid rats were purchased from the Aged Rodent Colonies program maintained by National Institutes on Aging (NIA), part of the National Institutes of Health. The NIA colonies are barrier-raised and specific pathogen-free. Additional details about the barrier environmental information are available through the NIA's Aging Rodent Colonies Handbook. Animals were purchased at 7, 17, and 26 months of age and housed in the Oklahoma Medical Research Foundation (OMRF) vivarium for a period of 12-16 weeks such that the ages at the time of death were 10, 20, and 30 months.
Animals were housed in groups of one to two per cage on a 12-hour light-dark cycle. Sterilized NIH31 chow and water were provided ad libitum. We utilized four animals per age for IFP histomorphometry analysis and additional 6-12 animals per age for ex vivo culture studies. Five animals in the oldest cohort (>26 months old) died from natural causes prior to conducting ex vivo culture experiments. The final number of animals used per treatment group is indicated in the figure legends. When animals reached the desired ages, six animals (two per age) were euthanized daily in a random order between 8:30 AM and 11:00 AM. Animals were euthanized by decapitation to facilitate the shared use of other tissues adversely affected by anesthetic agents, such as cardiomyocytes. All procedures were performed in accordance with a protocol approved by the OMRF Institutional Animal Care and Use Committee.
IFP Histomophometry
Immediately following death, left knee joints were harvested for histological evaluation of the IFP. Joints were fixed in 10% buffered formalin for 48 hours and then decalcified in Cal-Ex solution (Fisher Scientific) at 4°C. After 4 days, joints were bisected in the midcoronal plane following the lateral collateral ligament, the Cal-Ex solution was changed, and joints were decalcified for an additional 3 days. Joints were then rinsed, dehydrated, and embedded in paraffin. 10-μm coronal sections were collected throughout the IFP. An anterior and posterior section, approximately 70 µm apart, was selected from each fat pad and stained with hematoxylin and eosin to evaluate adipocyte histomorphometry. We captured digital images of the fat pad sections under 40× magnification by a Nikon E200 light microscope attached to Nikon DS-Fi1 camera and operated by NIS Elements Imaging Software (Nikon).
To measure adipocyte area, we overlaid a 250 μm × 250 μm grid on each image. We divided the fat pad into four anatomical regions: lateral superior, lateral inferior, medial superior, and medial inferior. Within each region, we selected one grid square that contained adipocytes throughout the area with minimal extracellular matrix or blood vessels, and we counted the number of adipocytes within the square. Cells that intersected the grid border were only counted for two sides of the border. The average adipocyte cross-sectional area was calculated by dividing the grid square area (250 μm × 250 μm) by the adipocyte cell count. The number of adipocytes per grid area ranged from 35 to 106 and averaged 61 ± 13 (±SD). We calculated the average adipocyte area for each anatomical region in two sections per fat pad. To estimate the stromal fraction of the IFP area, we imported images into ImageJ (v1.49o), performed a background subtraction from a nonstained region, and manually selected the IFP using the region of interest tool. Then, utilizing a color deconvolution plugin and H&E stain vector (34), we isolated the eosin image vector and applied a binary threshold to calculate the fraction of the eosin-stained tissue relative to the total IFP area.
Knee OA Histological Grading
We evaluated knee OA pathology by performing semiquantitative histological grading of cartilage degeneration, osteophyte formation, meniscal damage, and synovial hyperplasia. For each animal, four coronal sections throughout the medial and lateral condyles of the same leg used for adipocyte size and stromal fraction analyses were stained with hematoxylin, fast green, and Safranin-O. Stained images were scored for OA pathology by two blinded graders. The scoring parameters and range were as follows: 0-8 for cartilage damage, 0-8 for loss of Safranin-O staining (ie, glycosaminoglycan loss), 0-4 for meniscus damage, 0-3 for synovial growth into the joint space (ie, "extensions"), and 0-3 for osteophyte severity. The hierarchical grading scheme was based on the breadth and depth of the damage or loss (35) . Synovium thickness was measured at the posterior lateral region inferior to the meniscus using calibrated NIS Elements imaging software (Nikon). Scores that differed by >1 between the two graders were re-evaluated for agreement. Scores were then averaged for the multiple sections and anatomic sites (ie, medial and lateral; femur and tibia) to generate a single pathology score per parameter per animal.
Ex vivo IFP Culture
IFP samples were harvested from the right knee by reflecting the patella and patellar tendon unit distally and carefully dissecting the IFP away from the deep surface of the patellar tendon. The IFP was gently lifted using forceps and trimmed along the peripheral boarder with the synovial lining using McPherson-Vannas micro scissors. The IFP was then bisected using a sterile surgical blade (#11) and weighed. IFP tissues were then rinsed in sterile PBS and cultured ex vivo for 2 hours in low glucose Dulbecco's modified Eagle medium (DMEM) culture media, which included 1-μM nonessential amino acids, 10-mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 100 U/mL penicillin-streptomycin, and 5% fetal bovine serum (Gibco brand media reagents from Life Technologies). After 2 hours, the culture media were either replaced with the same media or with media also containing 1 ng/mL recombinant human IL-1β (R&D). Samples were then cultured for an additional 24 hours. All samples were cultured in an incubator maintained at 37°C and 5% CO 2 . Sample-free culture media alone were also added to a well within each culture plate to serve as background controls. Upon completion of the experiment, the media were immediately frozen and stored at −80°C until used for analysis of secreted proteins.
Quantification of Secreted IFP Proteins
IFP cultured media concentrations of IL-6, leptin, and CCL2 were quantified by rat-specific sandwich enzyme-linked immunosorbent assays (R6000B, MOB00, MJE00, respectively; R&D Systems). Secreted cytokine concentrations were measured with a rat-specific 7-plex multiplex immunoassay (K15014C; Meso Scale Discovery) and detected by electrochemiluminescence using a Sector 2400 instrument. The following cytokines were measured: interferon γ, IL-1β, IL-4, IL-5, IL-13, KC (human IL-8 analog, hereafter referred to as IL-8), and TNFα. All samples were analyzed as recommended by the manufacturer. IL-6 concentrations exceeded the maximal detectable limit and no additional media samples were available to repeat the assay in a diluted sample. We did not detect any background signals for the measurable analytes in our culture media. Average intra-assay coefficient of variation values were: 3.9% for leptin, 4.2% for CCL2, 4.0% for interferon γ, 4.2% for IL-1β, 2.7% for IL-4, 5.5% for IL-5, 4.3% for IL-13, 2.7% for IL-8, and 5.6% for TNFα. Data were normalized to IFP wet weights.
RNA and Protein Extraction
IFP tissues were immediately placed in TRIzol Reagent (Ambion) after culture, frozen in liquid N2, and stored at −80°C until used for analysis. IFP mRNA was isolated from thawed samples following the manufacturer's protocol. Briefly, IFP tissue was homogenized in 500-μL ice-cold TRIzol, and 100-μL chloroform was added to extract mRNA. mRNA was precipitated by adding 250-μL isopropyl alcohol. After two washes in 75% ethanol, mRNA was dissolved in nuclease-free water (Invitrogen). mRNA concentration was determined using a NanoDrop 2000 UV-visible spectrophotometer (Thermo Scientific).
Quantitative Real-Time Polymerase Chain Reaction
IFP mRNA was synthesized into cDNA using QuantiTect reverse transcription kit (Qiagen). Real-time polymerase chain reaction was performed for pro-and anti-inflammatory genes as well as genes known to modulate adipogenesis using commercial QuantiTect primers and RT 2 SYBR green (Qiagen) on a CFX96 thermocycler (Bio-Rad). Gene expression was normalized to the geometric mean of four stable reference genes: b2m, ldha, hprt1, and gapdh and fold changes in expression were evaluated by the ΔΔC t method (36) .
Statistical Analyses
The effect of aging on body mass and IFP mass was analyzed by oneway analysis of variance, and adipocyte size and eosin staining area were analyzed by two-tailed Student's t test. To test the relationship between IFP adipocyte size and OA parameters, we conducted pairwise Spearman's ρ analyses. To evaluate the relationship between adipocyte size, age, and OA, we used multivariable generalized linear modeling. When cytokine or adipokine protein concentrations were below the lowest levels of detection (LLOD), a value of one-half the LLOD was used for statistical purposes as follows: 2 pg/mL for CCL2, 2.26 pg/mL for interferon γ, 27.2 pg/mL for IL-1β, 8.3 pg/mL for IL-8, 22 pg/mL for leptin, 36.45 pg/mL for TNFα, 28.2 pg/mL for IL-4, 28.2 pg/mL for IL-5, and 0.99 pg/mL for IL-13. Statistical analyses were performed on log-transformed gene and protein data to correct for non-normal distributions as determined by Shapiro-Wilk normality test. In rare cases where log-transformation did not normalize the distribution, a nonparametric test was used (ie, Kruskal-Wallis). We initially examined the effect of age and IL-1β stimulation on inflammatory gene and protein changes using 2-factor analysis of variance. However, only one analyte (IL-13) generated a significant age-by-IL-1β interaction. Therefore, we analyzed aging effects by one-way analysis of variance with Holm's-Sidak's multiple comparisons post hoc test to evaluate differences between ages. Age trends were analyzed by linear regression post hoc tests. IL-1β stimulation effects were analyzed by two-tailed t tests compared to age-matched untreated values. Data were expressed as mean ± SEM; n indicates the number of animals per age group. Spearman's ρ and generalized linear modeling statistics were conducted using JMP software (version 8.0). All other statistical analyses were conducted using Prism 6 (GraphPad Software, La Jolla, CA) with significance indicated at p < .05.
Results
IFP and Adipocyte Size as a Function of Age and Body Weight
Body weight increased 28.5% with age ( Figure 1A , p < .0001). In contrast, IFP wet weight decreased by 17.4% with age ( Figure 1B , p = .016). To determine if the age-dependent reduction in IFP mass was associated with a reduction in adipocyte size, we compared the average adipocyte cross-sectional area at four anatomical IFP locations: (i) superior lateral, (ii) inferior lateral, (iii) superior medial, and (iv) inferior medial in sections collected from anterior and posterior regions of the fat pad ( Figure 1C and D) . We also evaluated the stromal fraction of the IFP area by eosin staining (Figure 1E and F). Adipocyte size was not significantly different between anatomical locations (p = .34) or with age (p = .84) ( Figure 1C and D) . In addition, the relative area of eosin staining in the IFP did not change with age ( Figure 1F) . Thus, the decline in IFP weight with age was not due to a decrease in adipocyte size or relative stromal area.
Interestingly, we observed moderate levels of variation in adipocyte size among animals, with coefficients of variation of 13% and 16% for 10-month-and 30-month-old animals, respectively (Supplementary Figure 1A) . To evaluate the relationship between the variation of adipocyte size and OA pathology, we performed semiquantitative histological grading on multiple OA parameters and correlated them with adipocyte size. Among young and old animals, adipocyte size was positively correlated with synovium thickness (Table 1 and Supplementary Figure 1B) . When incorporating age into the model using multivariable generalized linear modeling, the model predictions improved substantially and were significant for cartilage damage, cartilage safranin-O loss, synovial thickness, and synovial extensions. Adipocyte size remained significantly associated with synovial thickness independent of age. Furthermore, aging increased cartilage damage and also significantly altered the relationship between adipocyte size and cartilage damage, being positively associated in 10-month-old animals and negatively associated in 30-monthold animals (Table 1 and Supplementary Figure 1B) . Aging alone was a significant predictor of cartilage safranin-O loss and synovial extensions.
To further evaluate age-related changes in IFP adipogenesis, we measured the expression of genes that modulate adipogenesis, including Pdgfra, Pparg, Pdgfa, Tgfb, and Fn1 ( Figure 1G ). Age was not associated with altered expression of Pdgfra, a receptor expressed on pre-adipocytes, or Pparg, a transcription factor mediating adipocyte differentiation. Aging was, however, significantly associated with reduced expression of Tgfb and Fn1, two anti-adipogenic and pro-fibrotic mediators. Pdgfa, which similarly acts as an anti-adipogenic and pro-fibrotic growth factor, showed a nonsignificant trend for reduced expression from 10 to 20 months of age (p = .07). 
Effect of Age on IFP Inflammation
Basal concentrations of IFP pro-and anti-inflammatory cytokines and adipokines were measured after 24-hours of unstimulated secretion into the culture media and normalized to IFP wet weight (Figure 2A and B) . Aging was associated with increased production of TNFα by 67% (R 2 = 0.34, p = .022, trend with age) and IL-13 by 35% (p = .047). IL-8, a chemokine involved in neutrophil chemotaxis and activation, showed a nonsignificant trend for a reduction at 20 months and increase at 30 months (p = .07). No other agedependent differences in basal cytokine secretion were observed; however, a comparison of the concentrations of secreted proteins showed that the pro-inflammatory protein concentrations were on average more than an order of magnitude greater than the antiinflammatory cytokines. This suggests a pro-inflammatory bias in basal IFP secreted proteins that were heightened with age.
We next evaluated the effect of age on basal pro-and anti-inflammatory gene expression in the IFP (Figure 3) . Aging was not associated with altered expression of any pro-inflammatory genes tested ( Figure 3A) . However, aging was associated with reduced expression of two genes classified as M2 (ie, immunoregulatory) macrophage markers-Clec10a and Mrc1 ( Figure 3B ). Clec10a encodes a type II transmembrane C-type lectin domain family 10 member protein, and Mrc1 encodes the C-type 1 mannose receptor. These results suggest that the IFP may be more susceptible to inflammation with aging.
Age-Dependent Effects of IL-1β on Secreted Cytokines and Adipokines
The concentrations of secreted cytokines and adipokines in IL-1β-stimulated IFPs were normalized to IFP wet weight and expressed as fold-change relative to age-matched, untreated samples (Figure 4) . IL-1β stimulation increased levels of all measured cytokines while decreasing leptin production. Among the pro-inflammatory mediators ( Figure 4A ), IL-1β stimulation increased secreted protein concentrations by 1.5-to 4-fold above nontreated controls. The lone exception was leptin, which decreased by >70% in 10-month-old samples and was not detected in 20-and 30-month-old samples. Both IL-8 and leptin showed age-dependent changes, with IL-8 production increasing between 20-and 30 months and leptin production decreasing from 10-to 20 months. Like the pro-inflammatory mediators, the anti-inflammatory proteins also increased by 2.5-to 4-fold ( Figure 4B ), but IL-1β stimulation did not cause any agedependent differences in secreted anti-inflammatory proteins.
To further evaluate the age-dependent responsiveness of the IFP to inflammation, we measured the expression of pro-and anti-inflammatory genes following 24-hours of IL-1β stimulation ( Figure 5 ). IL-1β had the greatest effect on the expression of Il6, which increased significantly at all ages (6.88-fold, 10 months, p = .0004; 6.76-fold, 20 months, p = .0008; 7.78-fold, 30 months, p = .0057) ( Figure 5A ). Il10, an anti-inflammatory cytokine that functions as a feedback regulator of inflammation, was also significantly upregulated by IL-1β stimulation (p = .016 and p = .030 at 20-and 30 months of age, respectively; Figure 5B ). Clec10a was downregulated by IL-1β in 10-month-old animals. This inhibition, however, diminished with age such that the age-related expression of Clec10a following IL-1β stimulation increased with age (p = .027, Figure 5B ). Moreover, Mrc1, another M2 macrophage marker, also showed a positive trend with age (p = .097). Additional IL-1β-induced changes in gene expression were not significant after correction for multiple comparisons. Thus, although Il6 was strongly upregulated at all ages under IL-1β stimulation, aging was primarily associated with an increase in immunoregulatory gene expression.
Age-Dependent Effects of IL-1β on Adipogenic Mediators
To evaluate how inflammation may affect IFP adipogenesis, we also compared the effect of 24 hours of IL-1β stimulation on the expression of genes that promote or inhibit adipogenesis (Supplementary Figure 2) . We found that IL-1β significantly reduced the expression of the pre-adipocyte marker Pdgfra (p = .0132, .0025, and .0696 at 10-, 20-, and 30 months of age, respectively; Supplementary Figure 2) . In addition, IL-1β reduced the expression of Pparg at 20 months of age (p = .0008), suggesting that inflammation negatively regulates adipogenesis. Pdgfa, a pro-fibrotic and anti-adipogenic ligand for Pdgfra (37) , was significantly upregulated at 20-and 30 months of age (p = .0061 and p = .004, respectively; Supplementary Figure 2) . The expression of additional pro-fibrotic and anti-adipogenic factors, Tgfb and Fn1, were not altered after 24 hours of IL-1β stimulation. Overall, these data suggest that IL-1β induces a negative effect on adipogenesis with increasing age. Notes: Bivariable analyses were conducted using the nonparametric Spearman's ρ pair-wise statistic and multivariable analyses were conducted using generalized linear modeling (GLM) due to the noncontinuous nature of the semiquantitative histological grading parameters.
*R 2 values are not possible using Spearman's ρ or GLM; however, we calculate them here by least-squares regression to provide an approximate measure of how much variation the models explain. † An adipocyte size by age interaction term was only included in the multivariable model if it was significant (p < .05). 
Discussion
We examined the effect of aging on basal and IL-1β-stimulated production of inflammatory mediators from knee joint adipose tissue.
Our study focused on IFP-derived inflammation based on previous studies showing that the IFP is a significant source of soluble inflammatory mediators involved in joint tissue homeostasis (9, 10, 23) . We hypothesized that basal and IL-1β-stimulated IFP inflammation increases with age independent of changes in IFP size. We tested this hypothesis by comparing the production of pro-inflammatory cytokines and adipokines to changes in IFP size and mediators of adipogenesis across a wide age range in F344BN rats. We observed a positive correlation between adipocyte size and synovium thickening and an age-dependent association with cartilage damage. Under basal conditions, we found that age was associated with an increased production of both pro-inflammatory and anti-inflammatory cytokines (ie, TNFα and IL-13, respectively). In addition, aging was associated with a decreased expression of immunoregulatory M2 macrophage markers, indicating an increased susceptibility to joint inflammation. However, under IL-1β-stimulated conditions, production of the adipocyte-derived pro-inflammatory mediator, leptin, was inhibited in an age-dependent manner. These inflammatory changes occurred in parallel with an age-associated reduction in IFP mass, suggesting that aging reduces the contribution of adipocyte-derived inflammatory mediators to OA risk.
The relationships between IFP size, inflammation, and OA risk are active areas of investigation. In humans, IFP size and IFP-derived inflammatory mediators are independent of body mass and composition, as defined by body mass index (16, 33) . In OA patients, but not in healthy age-matched controls, IFP size is positively correlated with increasing age (33) . However, recent studies indicate that increased IFP size protects against OA prevalence and risk of progression, particularly in women (31, 32) . A protective role for IFP size on OA risk counters an expected pro-inflammatory phenotype of increased fat pad size, which is typically associated with adipocyte hypertrophy and immune cell infiltration based on studies of abdominal adipose tissue inflammation (11) . In the current study, however, we provide further evidence of a negative aging-associated relationship between IFP size and basal inflammation. Interestingly, this negative relationship occurs despite a significant age-associated increase in body mass and adiposity in F344BN rats (38) . The independence of systemic adiposity and IFP size raises questions about what causes the decrease in IFP size with age and why this is associated with an increase in OA progression.
Fat pad expansion and contraction is a dynamic process regulated by adipose stem cell-mediated adipogenesis, adipocyte triglyceride synthesis and lipolysis, and adipocyte death (39) . The relative contribution of these processes to fat pad dynamics varies according to the cellular developmental origin and anatomic location of the fat pad (40) . Although the cellular developmental origin of adipocytes within the IFP is not known, the similarity in IFP adipocyte size from different aged F344BN rats suggests that the reduction in IFP size with age is not due to adipocyte lipolysis. Rather, differences in rates of adipogenesis or adipocyte cell death appear more likely to mediate the reduction in IFP size with age. We did not observe age-related differences in the basal expression of Pdgfra, a pre-adipocyte marker, or the adipogenic transcription factor Pparg. In addition, the expression of pro-fibrotic/anti-adipogenic mediators Pdgfa, Tgfb, and Fn1 decreased with age. Thus, under basal conditions, aging does not appear to negatively modulate adipogenesis. However, following IL-1β stimulation, Pdgfra and Pparg expressions were reduced and Pdgfa was increased in an age-dependent manner. These results suggest that inflammation negatively regulates IFP adipogenesis. Therefore, if sustained joint inflammation reduces IFP size, the protective association between IFP size and decreased OA progression may be explained in part by a correlation with reduced joint inflammation. Our finding that adipocyte size was negatively associated with cartilage damage in 30 months old but not in 10-month-old animals is consistent with this interpretation. However, adipocyte size and synovial thickness were positively correlated independent of age. Future studies are needed to evaluate the longitudinal association between IFP inflammation, synovial inflammation, IFP adipogenesis, and size. Furthermore, age-related changes in adipocyte death or senescence may also contribute to an inverse relationship between inflammation and fat pad size.
Our finding that IL-1β inhibited leptin production in an agedependent manner suggests that aging reduces the contribution of adipocyte-derived inflammatory mediators to OA risk following a joint injury. This finding is significant because the pro-catabolic actions of leptin function synergistically with other pro-inflammatory cytokines, such as IL-1β, interferon γ, TNFα, and oncostatin-M (23, 41) . Thus, the inhibition of IFP-derived leptin production under a pro-inflammatory environment raises new questions about the role of leptin in OA pathogenesis and suggests a protective effect of aging. Previous studies have shown a biphasic effect of TNFα and IL-1β on adipocyte leptin production, with an acute (<4 hours) increase followed by a long-term (≥24 hours) suppression (42, 43) . In rheumatoid arthritis patients, synovial fluid leptin concentrations are less than matched serum samples (44), whereas, in OA patients, synovial fluid leptin is greater than matched serum samples (22) . These differences may in part reflect the more inflammatory environment of rheumatoid arthritic joints inhibiting IFP-derived leptin production. Pre-adipocytes are also potential sources of leptin, and contrary to mature adipocytes, long-term stimulation with TNFα and IL-1β increases leptin production and inhibits adipocyte differentiation (45) . Thus, there are multiple mechanisms by which pro-inflammatory cytokines may modulate the production of leptin. Understanding these mechanisms in an age-dependent context has important implications for developing intra-articular therapies, especially following joint injury, where leptin and other pro-inflammatory factors function synergistically to promote cartilage catabolism (23) .
The increased production of TNFα in aged IFP samples has potential implications for dysregulated local adipocyte metabolism. TNFα promotes adipocyte insulin resistance by directly attenuating insulin receptor signaling (46) . Surprisingly little is known about the metabolic regulation of adipocytes located within intra-articular fat pads. IFP adipocytes appear to be metabolically active as shown by elevated levels of lipids secreted into media during ex vivo culture (19, 47) . Recent studies have highlighted the potential metabolic plasticity of white adipose tissue via the development of more metabolically active beige adipocytes (48) . Our preliminary analysis of the IFP for genes associated with adipose tissue "beiging" showed they either did not change with age or IL-1β stimulation (eg, Acox1 and Acsl1) or were expressed at very low levels (eg, Ucp1, Dio2, and Cox8b; data not shown). Thus, the IFP does not appear to include a substantial population of beige adipocytes that mediate metabolic responses to aging or inflammation.
This study has several limitations. First, IFP samples were cultured for 24 hours prior to collection of culture media and Values normalized by IFP wet weight and expressed as fold-change relative to the average basal concentration of age-matched samples. IL-1β increased secretion of all pro-and anti-inflammatory cytokines at all ages except for leptin, which decreased >70% with age; n = 6 per age for 10 and 20 mo, n = 3 for 30 mo. Mean ± SEM. *p < .05, **p < .01, ***p < .001 compared to age-matched control group. All age-matched comparisons remained significant following Holm-Sidak's multiple comparisons test except for TNFα at 30 mo and CCL2 at 10 mo. #p < 0.05 for Holm-Sidak's multiple comparisons test between age groups. Values normalized by geometric mean of housekeeping genes and expressed as fold-change relative to basal gene expression of age-matched samples. Il6 expression was consistently upregulated by IL-1β independent of age; whereas other pro-and anti-inflammatory genes were differentially expressed in an age-dependent manner; n = 6 per age for 10 and 20 mo, n = 3 for 30 mo. Mean ± SEM. *p < .05, **p < .01, ***p < .001 compared to age-matched control group. Only Il6 and Il10 (20 mo) differences remained significant following Holm-Sidak's multiple comparisons test.
isolation of mRNA for gene expression analysis, raising the potential for culture-dependent alterations in cell phenotypes. In addition, we did not isolate or identify changes in immune cell populations in the IFP as a function of age. The IFP contains a substantial population of resident and infiltrating immune cells, such as macrophages, that are expected to significantly contribute to both age and IL-1β-dependent inflammatory responses. Furthermore, due to the small amount of IFP tissue in rodents, it was not possible to dissociate the adherent synovial lining cells without also substantially disrupting the adjacent adipocytes. Interestingly, IL-1β induced similar changes in the expression of inflammatory mediators in human OA IFP and synovium explants (16) , suggesting that the retention of IFP synovial lining cells may not substantially confound the interpretation of our findings. Nevertheless, our study should be considered an evaluation of the IFP as a complex endocrine tissue containing diverse interacting cell types (10) . Further consideration is needed to evaluate the age-dependent functional consequences of IFP-derived factors on the adjacent structural joints tissues, such as the articular cartilage, meniscus, ligament, and bone. While our age-dependent regression analyses of adipocyte size and joint tissue pathology indicate significant associations, the molecular mediators remain to be determined. Age-dependent changes in receptor expression, posttranslational modifications, or permeability may also lead to important functional changes in how IFP-derived mediators affect joint homeostasis that are not reflected by changes in the levels of IFP secreted proteins or gene expression. Finally, the limited sample size at 30 months of age reduced our statistical power to detect differences at this age and also limited our ability to statistically isolate the effects of an increase in OA pathology from age-related changes. Thus, although aging is our primary independent factor, our results may also reflect changes associated with an increase in OA pathology.
Conclusion
Aging is a major risk factor for OA, and one potential contributor to this increased risk is IFP-derived inflammation. Aging F344BN rats develop age-associated reductions in IFP mass and low-grade IFP inflammation. These changes occurred independent of changes in adipocyte size or relative IFP stromal area, although IFP adipocyte size was positively correlated with synovium thickness and was also associated with cartilage damage in an age-dependent manner. An acute IL-1β inflammatory challenge increased the production of pro-and anti-inflammatory cytokines with the exception of the adipokine leptin, which was suppressed in an age-dependent manner. IL-1β also downregulated the expression of pro-adipogenic mediators in an age-dependent manner. These findings indicate that age-related changes in IFP inflammation promote OA; however, under a heightened inflammatory state (eg, acute injury), aging may protect against OA by downregulating adipogenesis and adipocyte-derived inflammatory mediators such as leptin.
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